of several unicellular eucaryotes, either in combination with other modifications or as the only modified base. The DNAs of the green algae Chlamydomonas reinhardi and Chlorella spp. have both methylcytosine and methyladenine (28, 46) , while only methylcytosine has been found in the DNA of another green alga, Euglena gracilis (40) . In the ciliates Tetrahymena (23) , Paramecium (16) , Oxytricha (39) , and Stylonychia (5) N6MeA is the sole modified base. The function of N6MeA in eucaryotic DNA is unknown.
We examined methylation at specific sites in the genome of Tetrahymena thermophila. Tetrahymena cells contain two nuclei, a diploid micronucleus and a polyploid macronucleus. The macronucleus is responsible for most, if not all, transcriptional activity during vegetative growth. During sexual reproduction (conjugation), the macronucleus is destroyed, and mitotic products of the zygotic micronucleus develop into a new micronucleus and a new macronucleus. The developing macronucleus, called the anlage, undergoes many structural and morphological changes, including DNA replication to a final DNA content of 45c (49) , elimination and rearrangement of germ line DNA sequences (50) , and de novo methylation (9, 26) .
Although the micronuclear DNA of Tetrahymena cells does not contain modified bases, 0.8% of the adenine residues in the transcriptionally active macronucleus are modified to N6MeA (23, 28) . A partially purified methylase activity was isolated from macronuclei (10) . A nearestneighbor analysis of in vivo methylated DNA showed that all four bases are found 5' to the methylated adenine, but only thymidine is found 3'. Some of the methyladenine residues in Tetrahymena macronuclear DNA occur in the sequence 5'-GMeATC-3' and can be assayed by digestion with restriction enzyme DpnI, which cleaves at the sequence GATC only if the adenine is methylated on both strands (31) .
Since the micronucleus, which is largely transcriptionally inactive, does not contain N6MeA, one possible hypothesis is that N6MeA is required for transcriptional activation. Methylation would then be expected to precede or correlate with the onset of transcription in the developing macronuclear anlagen. De novo methylation of bulk anlage DNA at GATC sites is first detectable between 13.5 and 15 h after initiation of conjugation, approximately midway through anlage development (9, 26) .
Estimates for the time of transcriptional activation in the macronuclear anlagen vary somewhat depending on the type of analysis and the particular gene studied. Wenkert and Allis (48) performed light microscope autoradiography of cells conjugated in the presence of [3H]uridine. These authors reported the presence of silver grains over the macronuclear anlagen at 8 h after initiation of conjugation, 5 h before de novo methylation can be detected. In another study, the rate of incorporation of [3H]uridine into rRNA was found to be low until after 13 h of conjugation, when it rose sharply (33) . The results of electron microscope autoradiography experiments by Weiske-Benner and Eckert (47) were in agreement with the results of earlier studies, showing incorporation of [3H]uridine over macronuclear anlagen at 8 to 12 h after initiation of conjugation and incorporation over the nucleoli beginning at about 12 h.
The onset of transcriptional activity in developing macronuclei has also been monitored by using genetic markers. Bruns and Brussard (13) described methods for the construction of functional heterokaryons which carry mutations for drug resistance in the micronucleus, but express drug sensitivity in the macronucleus. Genetic activity of the developing macronucleus in the progeny of these cells can be assayed in terms of acquisition of drug resistance. This occurs at 12 h after initiation of conjugation for a mutation conferring resistance to 6-methylpurine (33) and at 15.5 h for two mutations which confer cycloheximide resistance (13) . Thus, de novo methylation of the DNA in the macronuclear anlagen is correlated in a general way with transcriptional activation.
If methylation has a role in regulation of transcription in Tetrahymena, then the state of methylation might change with the transcriptional activity of nearby genes. Blackburn et al. (9) investigated the distribution of methylated GATC sequences in the extrachromosomal ribosomal DNA molecules of Tetrahymena. These authors found that 90% of the molecules did not contain any GATC sites methylated on both strands. The remaining 10% of the molecules were heterogeneous with respect to methylation. Methylation at GATC sites in the ribosomal DNA molecules did not change in DNAs from cells in different physiological states. Similarly, although the mRNA content in starved cells decreases fourfold relative to growing cells (7), the overall levels of DNA methylation do not change detectably (23) .
A more sensitive way to test for involvement of N6MeA in transcriptional regulation would be to examine the methylation state of specific sites in the genome. With this in mind we looked for sites of methylation near genes whose transcriptional activity could be manipulated by changing the cell culture conditions. The histone genes and the heat shock protein genes are good candidates for this kind of analysis because the amounts of their messages vary dramatically with the physiological state of the cells.
In this study we demonstrated the existence of uniformly methylated GATC sites near the genes coding for a histone H4 gene and a heat shock-induced protein, hsp73, and determined the timing of de novo methylation of these sites in the DNA of the developing macronuclear anlagen. We found that methylation of the sites does not change in DNAs from cells in different physiological states in which the transcriptional activity of the genes changes.
MATERIALS AND METHODS Cell culture. T. thermophila BVII, CU399 (mating type VI), and CU401 (mating type VII) were kindly provided by P. Bruns. Stocks were maintained in 1% PPYS, and cultures were grown in 2% PPYS as previously described (30) .
To induce conjugation, vegetative cells were grown to a density of approximately 3 x 105 cells per ml. The cells were pelleted by centrifugation at 100 x g for 1.5 min and then washed with 10 mM Tris (pH 7.4) and starved overnight at a concentration of 2 x 105 cells per ml. Equal numbers of cells of the two mating types were mixed and placed at 29°C without shaking to initiate conjugation. These methods have been described by other workers previously (12, 35) .
To heat shock cells, a logarithmic culture of strain CU399 was placed in a water bath at 55°C. The temperature of the culture was monitored until it reached 38°C, at which time the culture was transferred to a water bath at 40°C. The cells were heat shocked at 40°C for 40 min. This procedure induces maximal production of heat shock proteins.
Stationary cells were obtained by growing a vegetative culture of strain CU399 to a density of approximately 1.6 x 106 cells per ml.
Nuclear isolation and DNA purification. Micro-and macronuclei were isolated from exponentially growing vegetative cells by using the method of Gorovsky et al. (24) , with the modifications suggested by Howard and Blackburn (29) .
Macronuclear anlagen were separated from micro-and macronuclei by centrifugation to equilibrium in Percoll (Pharmacia) gradients by using a modification of the methods of Allis and Dennison (4) and Allen et al. (3) . Conjugating cells were washed and lysed by homogenization in a Waring blender as described by Howard and Blackburn (29 20 min. The top band, containing macronuclear anlagen, was collected, and the nuclei were diluted with 10 volumes of the buffer described above and pelleted by centrifugation at 5,860 x g for 10 min. The anlagen were suspended in the nuclear isolation medium of Howard and Blackburn (29) . The nuclei were stained with methyl green, and the proportion of anlagen was estimated by counting nuclei under both phasecontrast and bright-field optics as described by Allis and Dennison (4) . The purity of macronuclear anlage DNA was estimated in the preparations from cells at different times after initiation of conjugation as follows: 10 h, 72%; 14 h, 86%; 16 h, 92%. The majority of the contamination was macronuclear DNA; the amount of micronuclear DNA was less than 1%. DNA was purified from nuclei as described by Gall (21) .
Whole-cell DNA was isolated from starved, heat-shocked, and stationary cells by suspending a cell pellet in 10 mM Tris-1 mM EDTA-1% Sarcosyl-2% Nonidet P-40. The lysate was digested with pancreatic RNase (Worthington Diagnostics), T1 RNase (Boehringer Mannheim Biochemicals), and pronase (Sigma Chemical Co.), as previously described (30) . DNA was phenol extracted and ethanol precipitated twice.
Probes. Plasmids p508.8, containing the H4-I gene, was generously provided by G. Bannon Probes were nick translated as described by Maniatis et al. (34) , except that the nick-translated product was separated from unincorporated counts by precipitating the DNA twice with 95% ethanol and washing with 70% ethanol.
The nitrocellulose filters were prehybridized, hybridized, and washed as previously described (30); there was an additional wash in 0.2x SSC at 65°C.
RESULTS
Uniformly methylated GATC sites detected by probes for the histone H4-I gene and the 73-kilodalton heat shock protein gene. We employed a strategy that enabled us to search for methylated GATC sites in long stretches of genomic DNA surrounding a short region for which a probe is available. As illustrated in Fig. 1 Using this method, we located uniformly methylated GATC sites approximately 2 kb 5' to the histone H4-I gene and 5 kb 3' to the gene coding for heat shock-induced protein hsp73. The probes used for these experiments are shown in Fig. 2 . p508.8 is a 4.3-kb insertion in the pBR322 derivative RVIIA7 (Fig. 2A) ; it is bordered by HindIlI and EcoRI sites and contains the gene coding for one of the two histone H4 genes, H4-I (6). We mapped the ClaI sites in genomic DNA where indicated, outside the cloned region. Fig. 3 (Fig. 3, lane 3) and probed with p508.8 had a major band at 4.3 kb. DNA digested with DpnI and EcoRI (Fig. 3, lane 5) contained a major band of approximately the same size, as would be expected if the left Sau3A site in Fig. 2A were methylated. The same band was present in DNA digested with HindIII plus DpnI plus EcoRI (Fig. 3,  lane 4) . In similar gels which were run for longer times, it was possible to show that the DpnI-EcoRI fragment was slightly smaller than the HindIII-EcoRI fragment (data not shown). Hybridization of the small region between the left HindlIl site and the DpnI site ( Fig. 2A) Taken together, the data in Fig. 3 suggest that there is a GATC site approximately 2 kb 5' to the H4-I gene which is methylated in most or all copies of the macronuclear genome. Additionally, the Sau3A sites located approximately 900 base pairs upstream and downstream from the H4-I gene are not methylated on both strands.
A second region of the genome investigated for the presence of methylated GATC sites was the region in the vicinity of the 73-kilodalton heat shock protein gene. Probe pA.3.2.1 is a 1.0-kb HindlIl fragment of Tetrahymena DNA containing coding sequences for heat shock-induced protein hsp73. A partial restriction map of the DNA in this region of the genome is shown in Fig. 2B . pA.3.2.1 hybridized to a 17-kb ClaI fragment in macronuclear DNA (Fig. 5, lane 1) . The 17.0-kb ClaI fragment was digested with DpnI to generate an 8.0-kb ClaI-DpnI fragment (Fig. 5, lane 2) . Therefore, a uniformly methylated GATC site is located 8 (25) . In Drosophila tissue culture cells, similar changes in the abundance of heat shock mRNAs have been shown to be due to changes in transcriptional activity (19) . It is reasonable to suppose that transcriptional activation is a major factor for regulation of heat shock genes in Tetrahymena, as it is in Drosophila. Figure 5 shows the results of hybridization of pA. (26) , and the level of histone mRNA is reduced 30-to 40-fold, compared with a 4-fold reduction in poly(A)+ mRNA levels (7) . The decrease VOL. 6, 1986 2367 in mRNA levels is due in part to a fivefold decrease in transcriptional activity (D. S. Pederson, K. Shupe, G. A. Bannon, and M. A. Gorovsky, submitted for publication). Figure 4 shows the results of hybridization of p508.8 to ClaI-DpnI-digested DNAs from macronuclei of vegetative cells (lane 1), starved cells (lane 2), stationary cells (lane 3), and heat-shocked cells (lane 4). For all physiological states, the bands generated by digestion with ClaI plus DpnI were identical. Thus, as was the case with the gene for hsp73, methylation of the GATC site 2 kb 5' to the H4-I gene did not change with changes in transcriptional activity of the H4-I gene. Additionally, no Sau3A sites other than the one located nearest the Hindlll site were methylated in any physiological state.
De novo methylation of the GATC site 2 kb 5' to the histone H4-I gene during conjugation. We have shown previously that newly synthesized DNA in the anlagen becomes detectably methylated at GATC sites between 13.5 and 15 h after initiation of conjugation (26) . This was determined by measuring when newly synthesized DNA that was labeled with [3H]thymidine was first detectably digested by DpnI. The methylase activity appeared to act rapidly because within 90 min (between 13.5 and 15 h after initiation of conjugation) newly synthesized DNA was methylated at GATC sites to a level similar to that seen in vegetative cells. Analysis of de novo methylation of the GATC site near the H4-I gene confirmed the timing of methylation previously indicated in the studies with bulk DNA. Anlage DNA was isolated from conjugating cells at 10, 14, and 16 h after initiation of conjugation. We estimated that 75 to 85% of the DNA was from the anlagen, with the major contaminant being DNA from the old macronucleus of paired and unpaired cells. Figure 6 shows p508.8 hybridized to ClaIDpnI-digested anlage DNA from conjugants at 10 h (lane 1), 14 h (lane 2), and 16 h (lane 3). The band at 11.2 kb corresponds to the unmethylated ClaI fragment, demonstrating that a substantial portion of the H4-I gene was unmethylated at 10 h after initiation of conjugation. Densitometric analysis of the film indicated that 24% of the hybridization to the H4-I gene was to the 7.4-kb band representing the methylated form of the gene. Since this could be fully accounted for by the estimated 28% contamination of the anlage DNA with methylated macronuclear DNA, we conclude that methylation of the GATC site 5' to the H4-I gene had not commenced in the developing macronuclear anlagen by 10 h after initiation of conjugation.
By 14 h after initiation of conjugation, approximately 52% of the anlage DNA molecules were methylated at this site, as judged from the relative intensity of the 11.2-and 7.4-kb bands corresponding to the unmethylated and methylated ClaI fragments, respectively. By 16 h no 11.2-kb fragment was detectable, suggesting that methylation was complete.
Although the results of preliminary experiments suggested that the region of the genome near the hsp73 gene also becomes methylated between 10 and 16 h after initiation of conjugation, the analysis is complicated by the presence of a genome rearrangement in that same region (data not shown).
DISCUSSION
The micronuclear DNA of Tetrahymena cells is unmethylated. During development of the macronucleus there is de novo methylation of 0.8% of the adenine residues to N6MeA. Studies on total nuclear DNA have shown that the methylation occurs between 13.5 and 15 h after initiation of conjugation (9, 26) . Thus, methylation is correlated with both DNA rearrangement and transcriptional activation of the macronuclear genome.
In order to further investigate the role of methylation, we identified several GATC sites which are methylated at adenine residues in most or all of the copies of macronuclear DNA in Tetrahymena cells. We found that two of these sites are methylated between 10 and 16 h after initiation of conjugation, which is in good agreement with the results of studies on bulk DNA.
We examined the methylation state of specific GATC sites in the DNA of cells where the transcriptional activity of nearby genes is known to vary. We detected uniformly methylated GATC sites 2 kb 5' to the histone H4-I gene and 5 kb 3' to the gene coding for heat shock-induced protein hsp73. Methylation at these sites remained constant in DNAs from cells in various physiological states. While these sites are relatively far from the 5' end of the genes which are most likely to be the regions involved in transcriptional regulation, we never detected any methylation of the two GATC sites which are very near the 5' end of the hsp73 gene or of the two sites 900 base pairs upstream and downstream from the H4-I gene. Thus, it appears that methylation of GATC sites is not involved in transcriptional control in Tetrahymena cells, at least for the genes coding for H4-I and hsp73. This is consistent with the findings of other workers that methylation levels do not change in different physiological states, both for total DNA (23) and for ribosomal DNA (9 (18) and analysis with other restriction enzymes gave no evidence for genome rearrangements in that region, the simplest explanation of this result is that the EcoRI site is uniformly methylated in the macronuclear DNA. Thus, it would be premature to conclude that methylation does not vary with the physiology of the cells until such time as methods become available to assay a larger precentage of the methylated sites.
On the other hand, the sites which we have been able to assay may be representative of the methylated sites with respect to their constancy in the DNAs of cells in different physiological states. The methylation state of specific sites may be determined during macronuclear development and remain constant thereafter. In this view, development of the macronucleus would be analagous to the differentiation of various tissues in metazoa. During tissue differentiation hypomethylation of specific DNA sequences seems to be a developmental event that is correlated with transcriptional potential (as opposed to transcriptional activity) in a specific cell type (reviewed in references 27 and 42) .
One possible effect of methylation of macronuclear DNA might be a remodeling of the chromatin structure in the macronucleus. Pratt and Hattman (38) reported that methyladenine residues in Tetrahymena chromatin, but not in naked DNA, are preferentially digested by both staphlococcal nuclease and DNase I. These authors concluded that most of the methyladenine is in linker DNA. The converse seems to be the case with 5MeC. Cedar and colleagues (41, 43) found that 5MeC is preferentially localized in the DNA which is relatively protected upon digestion of native chromatin with micrococcal nuclease. These workers concluded that the bulk of the 5MeC is in nucleosomal core particles.
In the Tetrahymena genome, which has an adeninethymine content of 75% (2), 0.8% methyladenine would represent one methylated adenine residue per 165 base pairs. This is slightly more than would be required for methylation of the entire genome once per nucleosome, since the internucleosomal distance has been estimated to be about 200 base pairs by both nuclease digestion and cross-linking experiments (15, 20, 22) . It would be of interest to know whether methylated adenines are evenly distributed in the Tetrahymena genome.
Uniformly methylated sites may occur in the genomes of other ciliates. Cartinhour and Herrick (14) have reported the existence of a ClaI site in a cloned fragment of Oxytricha DNA which is refractory to digestion by ClaI in the genomic DNA. One possible explanation of this observation is that the macronuclear ClaI site is methylated, since ClaI does not digest DNA when the internal adenine in the recognition site is methylated (37) .
Whether N6MeA plays a role in the transcriptional activation of the macronucleus or not, other possible functions should be considered. In procaryotes, N6MeA functions in mismatch repair (11) and in restriction-modification systems (for a review, see reference 27). We have argued elsewhere (26) that since de novo methylation does not occur in the macronuclear anlagen until there have been several rounds of DNA synthesis, it cannot be involved in mismatch repair, at least in these early stages. Another possibility, as first suggested by Blackburn et al. (9) , is that methylation functions in DNA rearrangement, perhaps to distinguish sequences which are retained in the macronucleus from the micronucleus-specific sequences which are degraded. We have looked for methylation sites in the vicinity of genome rearrangements and have identified a cluster of methylated GATC sites which occur near a site of genomic rearrangement (data not shown). Experiments are in progress to determine the relative timing of methylation and DNA sequence rearrangement.
